Micro-electro-mechanical systems (MEMS) deformable mirrors are known for their ability to correct optical aberrations, particularly when the wavefront is expanded via Zernike polynomials. This capability is combined with adaptive optical zoom to enable diffraction limited performance over broad spectral and zoom ranges. Adaptive optical zoom (AOZ) alters system magnification via variable focal length elements instead of axial translation found in traditional zoom designs. AOZ systems are simulated using an efficient approach to optical design, in which existing theories for telescope objective design and third-order aberration determination are modified to accommodate the additional degrees of freedom found with AOZ. An AOZ system with a 2.7x zoom ratio and 100mm entrance pupil diameter is presented to demonstrate the validity and capability of the theory.
INTRODUCTION 1.1 Overview
A zoom lens system can vary the image magnification while maintaining the image plane's absolute position. This capability has far-reaching applications across optics. Conventional zooming systems (i.e. optical zoom) move elements along the optical axis, a method that increases both image size and resolution. Element displacement with optical zoom is typically on the order of the system focal length. 1 Large movement of optical elements, as is inherent with a longer system focal length, can be taxing on weight and power budgets when the elements are more than a few centimeters in diameter. Another zoom method, digital zoom, remaps a section of pixels onto a larger scene, and thus does not increase the resolution of the image.
Circumventing these issues requires another zoom technique called adaptive optical zoom (AOZ), where system magnification is modified via variable focal length elements. Such elements, called active optical elements, induce a spatially varying phase shift in incoming wavefronts. 2 One common active element is a deformable mirror (DM), where the physical shape of the surface is altered to change the element's optical power. Conventional optical zoom requires that at least two elements change their axial position. 3 This is similar to AOZ, which requires two or more DMs to alter the system magnification. 4 The difference between optical zoom and digital zoom is evident in Figure 1 , 5 where a picture of an airport is displayed in Figure 1 (a), a digitally zoomed portion in (b), and the same portion optically zoomed in (c) obtained using an experimental AOZ system. Notice the sharp difference in resolution between digitally and optically zoomed images. With digital zoom, the image resolution has not changed between the unzoomed and zoomed states (images (a) and (b), respectively), meaning that unresolved spatial frequencies in (a) image remain so in (b). Optical zoom actually increases the image resolution by altering the system modulation transfer function, allowing imaging of many frequencies with good visibility in (c) but not in (b).
Few AOZ systems exist in the literature and patent filings, and theoretical descriptions of such systems are even less numerous. Available theories include applying Gaussian reduction to variable focal length lenses 6 and minimizing the Petzval sum in the first-order design. 7 Another, more efficient approach, is to use existing optical system design *mejungwirth@gmail.com; Phone 1 (505) 844-9588 strategies and equations, such as those available for a two-element aplanatic Cassegrain. 8 These equations can be resolved for AOZ systems by letting system focal ratios and element focal lengths possess multiple values. Residual aberrations can then be simulated with a vector aberration theory originally applied to bilateral systems, 9 where only one plane of symmetry exists. This theory applies well to AOZ since it can easily handle both axial and non-axial (unobstructed) optical designs, and is not computationally intensive as it only requires a paraxial raytrace with the marginal and chief rays. Micro-electro-mechanical systems (MEMS) DMs are well-known for their large stroke and precision. In fact, MEMS DMs can simulate Zernike surfaces up to a few radial orders, 10 allowing correction of a wide range of aberrations. Recent experimental and theoretical research has demonstrated MEMS DMs ability to provide real-time wavefront correction using closed-loop feedback from a Shack-Hartmann wavefront sensor. 11 In addition to wavefront correction, MEMS DMs enable less elaborate aspheric surfaces, increased element and spacing tolerances, and superb performance across a broad spectral range. This paper adapts existing theories to design a diffraction limited AOZ system using variable focal length mirrors and a MEMS DM. For this paper, diffraction limited is defined as λ/4 of peak-to-valley (PV) total error. The derived theory and subsequent aberration simulation enable a large-scale tradespace analysis, where AOZ systems are examined from a broad perspective and down-selected based on given criteria or figures of merit. To that effect, no particular focal ratios or element focal lengths receive emphasis within the analysis. The paper is divided into four sections, with the optical layout described in Section 1.2. Section 2 details the AOZ theory and Section 3 demonstrates the capability of the theory by displaying an AOZ design in Zemax. Finally, a summary of the research is given in Section 4.
System layout
Over the past several decades, the Ritchey-Chrétien has become the dominant astronomical telescope design. The Ritchey-Chrétien is a two-element, axially symmetric aplanat with hyperbolic primary and secondary mirrors. The design is a more complex version of the older Cassegrain design, 12 where only the secondary is hyperbolic and the primary is parabolic. The AOZ system was chosen to be Cassegrain to match current trends and take advantage of the plethora of research available in the literature. Both the primary and secondary are active elements to meet the basic requirement for AOZ. For ease in analysis, the AOZ system has only two states, zoomed and unzoomed.
The general optical layout is found in Figure 2 . The object is at infinity and is 1-dimensional on the y-axis, extending from the optical axis to the unvignetted half field-of-view (HFOV). The system stop is the primary mirror. The Cassegrain objective produces an image behind the primary on the optical axis. The image is re-collimated by lens L 1 and reflects off the MEMS DM. A 50/50 beamsplitter sends the beam into a Shack-Hartmann wavefront sensor (SHWS) and through the imaging lens L 2 to the focal plane at y 0 . Aberration correction is performed via a closed-loop feedback
system between the MEMS DM and SHWS, thereby producing a diffraction limited wavefront and subsequent image. Aberration correction is explained further in Section 2.3. Figure 2 . Schematic of system layout. The marginal ray is displayed as a dotted line. 
THEORY

First-order design
As stated above, the AOZ system is a Cassegrain objective. A thorough study of Cassegrain telescopes was performed by Wetherell and Rimmer; 8 their intent was to provide the optical designer with all the necessary tools for designing a two-element aplanat. Equations for element curvatures and separations were derived using third-order aberration theory, so chosen since third-order theory adequately describes most two-mirror telescopes. 8 All system attributes are based on the optical designer choosing the system focal ratio ("F-number"), the primary focal ratio and the diameter of the entrance pupil/primary mirror. Coordinate system for first-order design, 8 with the chief and marginal rays displayed in dashed and dotted lines, respectively. Labels: D p is the diameter of the primary mirror, d is the axial separation between the primary and secondary mirrors, WD is the axial distance between the primary apex and the image plane ('working distance'), and θ is the maximum field angle (HFOV).
The Wetherell and Rimmer design equations were solved for an AOZ system using the coordinate system found in Figure 3 . Basically, the element curvatures were allowed to have two values, for unzoomed and zoomed states, while the element separations were fixed. Independent variables were chosen to be the system focal ratios for both states, the primary focal length for both states and the primary diameter. These differ from the original independent variables to more closely match current computer-based design tools such as Zemax and CodeV.
Third-order aberration theory
The simulation of residual aberrations was achieved using Sasian's theory for bilateral symmetric optical systems. 9 A bilateral symmetric system has one plane of symmetry, meaning that half of the system is a mirror image of the other. In this configuration, elements can be tilted in the y-axis but not the x-axis, giving the system planar but not rotational symmetry. Equations were developed by Sasian to calculate the third-order aberrations of such a system based on a paraxial raytrace of marginal and chief rays. As usual, individual aberrations are summed to garner the wavefront aberration function W, given as 
where W 2k+n,2m+n,n is the coefficient of a particular aberration, H is the normalized field height, ρ is the normalized pupil coordinate, and k, m, and n are integers. The axial aberration function in Eq.
(1) assumes a rotationally symmetric system. Sasian's equations were applied verbatim for this analysis and so will not be repeated here.
The bilateral theory is intended as an initial design tool and, as such, is not meant to compete with commercially available optical design software. Using this theory will generally give an optical designer a PV error that is roughly 5-10% greater than the error found with software. 13 Since the theory is paraxial, the image is assumed to be at the Gaussian image plane, thereby removing a designer's ability to balance aberrations with defocus. Thus, the total PV error found with Sasian's theory can be larger than is usually permissible since it is assumed that a designer will perform further optimization in software.
Residual aberration correction
As our ability to generate a diffraction limited image depends on the fidelity with which we can change the radius-ofcurvature of the active elements, the image of the AOZ objective is not necessarily diffraction limited, so further correction may be required to produce a perfect final image. This can be done with a closed-loop feedback system consisting of the MEMS DM and a Shack-Hartmann wavefront sensor (see Figure 2) . Residual aberrations can be determined by approximating Eq. (1) using Zernike polynomials, an orthonormal basis set commonly used to describe aberrations. The data from a single Hartmanngram (the 'image' of a Shack-Hartmann) is used to determine the Zernike polynomial coefficients. From these, the shape of the MEMS DM is altered to form a complementary wavefront in order to produce a perfect plane wave. This approach for closed loop correction is called modal since it describes the wavefront in terms of the modes of Zernike polynomials. 11 'Waves' are referenced to the wavelength of a HeNe laser.
The ability of MEMS DMs to perform residual aberration correction has been demonstrated in the literature. An example of a continuous face-sheet device is found in Figure 4 using a Tywnman-Green interferometer, where ~4 waves of spherical aberration and ~1 wave each of coma and tilt are corrected. 11 All devices, however, have a finite amount of stroke making it impossible for a single MEMS DM to correct a very large amount of residual aberrations. Thus, to produce a diffraction limited final image, the AOZ PV error must be less than the available stroke from a MEMS DM. For reference, Table 1 lists the stroke of several commercially available, off-the-shelf MEMS DMs. Note: all stroke amounts were found on the individual vendor's spec sheet and are referenced to the wavelength of a HeNe laser. 
RESULTS
As was expected, a very large number of viable AOZ designs were discovered for the chosen Cassegrain layout. A single simulation with a given primary diameter and ranges of focal ratios and primary focal lengths resulted in over 30,000 possible layouts. For this paper, the figures of merit used to down-select possible layouts were to maximize the zoom ratio Z R and minimize the obscuration ratio ε, where ε is defined as the ratio of the secondary and primary diameters. 8 Optimization was performed in Zemax. The primary's conic constants both zoomed and unzoomed states were set to -1, per the Cassegrain topology, while the secondary's conic constants were allowed to vary during optimization. Table 3 . The figures of merit are well-satisfied with Z R = 2.7 and ε = 0.28, meaning that only 7.8% of the incident radiation is blocked. The dominant residual aberrations in the unzoomed state are spherical aberration and coma, while Petzval field curvature dominates the zoomed state. However, the PV errors are below the available stroke for all DMs listed in Table 1 , so any listed DM should produce a diffraction limited AOZ system using the optical layout in Figure 2 . The smaller HFOV makes this system best suited for long-range or remote sensing applications where a large HFOV is not desired. Finally, the secondary is hyperbolic in both states, thus fulfilling the Cassegrain topology. Table 3 . Construction values and system attributes for an AOZ system with D p = 100 mm ( Figure 5 ). The first subscript is the element number (1 = primary and 2 = secondary) and the second is the state number. The first of two numbers in the right-hand column is for the unzoomed state and the second for the zoomed state. As before, 'waves' are in reference to the wavelength of a HeNe laser. 
CONCLUSIONS
The theory and design of a diffraction limited AOZ system has been realized using a Cassegrain adaptive optical zoom (AOZ) objective and a MEMS deformable mirror (DM) for residual aberration correction. Existing research on Cassegrain design and third-order aberration estimation was successfully altered and applied to AOZ systems for a largescale, tradespace analysis. An AOZ designs was then optimized in Zemax to keep the total peak-to-valley error under the stroke limits of commercially available, off-the-shelf DMs to produce a diffraction limited AOZ system. The large aperture and smaller half fields of view imply that AOZ systems are best suited for remote sensing applications.
